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Injecting a non-dissolvable gas into a saturated liquid results in sub-cooling of the liquid due to
forced evaporation into the bubble. Previous studies assumed the rate of evaporation of liquid into
the bubble to be independent of the degree of sub-cooling. In our study we quantify the bubble
growth by direct observation using high speed imaging and prove that this hypothesis is not true. A
phenomenological model of the bubble growth as a function of the degree of sub-cooling is developed
and we find excellent agreement between the measurements and theory. This bubble cooling process
is employed in cooling a liquid. By identification of all heat flows, we can well describe the cool
down curve using bubble cooling. Bubble cooling provides an alternative cooling method for liquids
without the use of complicated cooling techniques.
Evaporation of liquids is an efficient way to transfer
heat away from a hot solid, a method employed fre-
quently in the context of heat-pipes, power-plants and
industrial spray cooling. A daily-life example is the use
of transpiration to regulate our body temperature. The
amount of liquid which can evaporate into vapour de-
pends largely on the liquid’s temperature and its vapour
pressure. When injecting a bubble of a non-condensible
substance into a liquid bath, this partial vapour pressure
is initially zero, resulting in an immediate evaporation
and hence, cooling of the liquid.
In some cases this effect is very desirable. For exam-
ple, cryogenic liquids are often at their saturation tem-
perature following their liquefaction. It was found that
bubbling helium gas into a liquid nitrogen tank lowers
the temperature of the liquid by more than ten Kelvin
and suppresses (vapour) bubble generation [1–5]. Firstly,
subcooling the liquid allows one to perform studies in
cryogenic liquids without any disturbances caused by
vapour bubbles [6]. Another advantage is that the cool-
ing rate of quencing procedures is greatly enhanced when
the liquid is subcooled, which is of great importance in
the context of cryo-preservation [7, 8]. Furthermore, in
contrast to depressurizing a tank to achieve a (tempo-
rary) lower saturation temperature and then increasing
the pressure again, this bubble cooling method does not
require the system to withstand reduced pressures and it
will offer a continuous rather than a batch sub-cooling of
the liquid.
However, this cooling is not favourable for all systems.
Often this is a side-effect of another process which leads
to efficiency losses. As an example, in a bubble column
reactor the injected gas is to react with the liquid [9] or to
remove already dissolved gasses (sparging) [10]. In both
cases, the change from the liquid into the gaseous state
will involve an energy penalty, in the form of latent heat,
cooling down the liquid phase. Moreover, in the case of
sparging, a fraction of the liquid will be removed as well
by the bubble process.
For both cases, whether the cooling being desirable
(bubble cooling) or not (bubble columns), little is known
on how much energy and mass is exchanged during
this process. In this study, we optically address these
questions for a cryogenic system, where helium gas is
injected into liquid nitrogen, and a non-cryogenic case in
which nitrogen gas is fed into a water bath. We focus on
how the bubbles grow by forced evaporation, depending
on the temperature of the liquid bath. We propose
a theoretical model of this cooling mechanism and
verify the model by optical observations. Secondly, we
characterize the cooling of a known system, using forced
evaporation, where we apply the results of the first part.
The growth of the bubbles was measured using a setup,
which had in essence only four major components: a
temperature controlled container, a high speed camera,
a light source and a bubble injector, see Figure 1. A
transparent container was used for optical access, which
was equipped with a temperature controller. We used
a Photron APX-RS high speed camera, operating at
1000 fps and a shutter speed of 0.5 ms to prevent motion
blurring. A K2 Distamax lens-system was used to have
a field of view of roughly 12 mm wide. A fiber Schott
lamp with a diffuser was used as a light source. The gas
was injected using an upright needle and controlled by
a mass-flow controller. The flow rate was in the order
of 10−2 mg s−1 to ensure sufficient spacing between the
bubbles to be able to perform accurate bubble-volume
measurements. The density of the gas, required for
calculating the volumetric flow rate, was evaluated for
all measurements at the bath temperature. Further
liquid-specific details are discussed in the Supplementary
Material.
In addition to the optical measurements of the bubble
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2FIG. 1. Schematic of the setup to measure the bubble growth.
Most components described in the text are omitted for clarity.
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FIG. 2. Experimental setup for the cooling measurements.
The schematic on the left is a simplified representation,
whereas the picture on the right shows the realised setup
without the temperature sensor and tubing for the helium
gas. The level of liquid is measured by a floater on which a
long glass capillary is placed.
growth we employed this method to study the cool down
of a well defined system, see Figure 2. A small amount
of liquid nitrogen was filled into a steel tube, which was
closed at the bottom. This geometry allowed accurate
calculation of the total heat capacity for further calcu-
lations. Bubbles were generated inside this liquid bath,
where the temperature and liquid level were monitored
during the experiment. The liquid level was measured
by means of a floater, which was equipped with a glass
capillary to allow tracking its position outside the tube.
To prevent heat losses, we created a vacuum around the
bottom and side walls, using a second larger tube. The
space created is maintained at a pressure of 10−5 Pa. Ra-
diation was prevented by submerging the setup in a large
liquid nitrogen bath, thus maintaining the outer tube and
the open top of the steel tube at T = 77 K
As mentioned before, measurements were performed
on helium gas bubbles injected in a liquid nitrogen bath
and on nitrogen gas bubbles cooling a water bath. As
an example, recordings for the first system are shown in
Figure 3, where the bath temperatures were at 71.2 K
and 76.8 K.
Using the method described in section assuming axi-
symmetry, we obtain for every frame the volume of the
bubbles. The (unfiltered) time-series obtained in this way
are presented for the two bath-temperature cases of Fig-
ure 3 in Figure 4. Comparing the two, one can readily
71.2 K 76.8 K
FIG. 3. Snapshots of bubbles in a liquid nitrogen bath at
two different bath temperatures. Helium gas is injected from
below (not visible) where the liquid nitrogen evaporates into
the bubble, increasing the bubble size. Images are taken far
away from the injection point to ensure that the final bubble
size is observed.
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FIG. 4. Measurement data for helium gas bubbles injected
into liquid nitrogen baths at 71.2 and 76.8 K. Each peak rep-
resents a unique bubble. Both the bubble frequency as well
as the bubble volume increases with increasing bath temper-
ature. The increase in volume allows for larger surface defor-
mations, reflected in fluctuations in the recorded volume.
see that the temperature of the bath is of importance:
with increasing temperature, the bubble frequency is in-
creasing as well as the size of the bubbles, which is also
visible in the images of Figure 3.
The size and frequency difference between the bubbles
for different temperatures can be understood by a pres-
sure balance: Let pg be the gas pressure (in this case,
of helium) and pv the vapour pressure (in this case, of
nitrogen), then we obtain:
pg + pv = p∞ + 2σ/R+ ρlgh, (1)
where p∞ is the ambient pressure of the container. The
second and third terms of the right hand side denote the
Laplace pressure due to the surface tension σ and the
hydrostatic pressure term (using ρl as the liquid density,
g the gravitational constant and h the distance from the
free surface of the bath). For millimetric bubbles inside a
0.1 m bath, these two terms are negligible. Hence, Equa-
tion 1 reduces to just pg + pv = pb, for which we wrote
pb = p∞ as the bath pressure. This balance assumes the
3bubble to be at equilibrium with the liquid bath, in terms
of heat as well as mass transfer.
We measured the final bubble growth at a few cen-
timetres from the injection point, to avoid the complex
phenomena involving the dynamics. At this position the
bubble has reached its final size and is at thermal equi-
libirium [12] with the well-mixed bath [13]. Note that
the bath is well mixed by the rising bubbles and recircu-
lation inside the bubble reduces the mixing time-scales
further. Additional observations revealed the growth al-
ready while the bubble was still attached to the injection
needle.
The gas pressure can be found using the ideal gas law
pg = NkBT/V for the bubble before and after evapo-
rative growth. Here N = pbV0/(kBT ), the number of
molecules in the initial bubble of volume V0, from which
we obtain for the gas pressure pg = pbV0/V , where V is
the final volume of the gas-vapour bubble. Substitution
into the reduced form of Equation 1 gives the pressure
balance with the saturation pressure,
pv = pb
(
1− V0
V
)
which yields
V
V0
=
(
1− pv
pb
)−1
.
(2)
The vapour pressure is strongly temperature dependent
and can be described well by the Clausius-Clapeyron
equation or by the empirical Antoine equation. When
using the latter, the growth ratio results as
V
V0
=
(
1− 1
pb
10
(
A− BTb+C
))−1
, (3)
where A,B,C are fluid specific constants describing the
saturation pressure and Tb is the bath temperature.
The vapour pressure according to the Clausius-Clapeyron
equation equals: pv = exp
(
− LRgas
(
1
Tb
− 1Tr
))
, where
the subscript r denotes a reference state, L the molar
latent heat of evaporation and Rgas the universal gas con-
stant. A further simplification can be obtained by using
the saturation conditions of the substance at pr = pb as
the reference state, i.e. Tr = Tsat(pb), from now on ab-
breviated as just Ts. As a result, the growth ratio can be
expressed as
V
V0
=
(
1− exp− LRgas
(
1
Tb
− 1Ts
))−1
. (4)
The degree of subcooling −∆T equals −(Ts−Tb). We
can write 1Tb =
1
Ts
+ ∆TT 2s
+O(∆T 2), where the higher order
terms can be neglected for relatively small ∆T , resulting
in
V
V0
=
(
1− exp−
L
Rgas
∆T
T2s
)−1
. (5)
When rescaling all temperatures by ∆T˜ = ∆T
Rgas
L T
2
s
FIG. 5. Bubble growth ratio V
V0
for different liquids, based on
the Antoine equation with constants A,B and C taken from
[14]. Using the rescaled temperature ∆T˜ = ∆T
Rgas
L
T 2s one
can collapse all of the liquids onto a single curve, as shown in
the inset.
Iso- Iso-
Water Nitrogen Ethanol Oxygen propanol pentane
Eq. 3 11.2 3.6 10.1 3.7 9.7 11.2
∆T˜ L
RgasT
2
s
11.7 3.7 10.1 4.1 9.8 12.2
TABLE I. Absolute cooling temperature using the Antoine
equation and the rescaled formula for a bubble expanding to
three times its original volume. Antoine coefficients taken
from [14]
we can collapse all data onto a single curve, as shown
by the inset of Figure 5. This provides a powerful tool
to compare the bubble expansion ratios for a given tem-
perature drop between various substances. E.g. for a
bubble to expand to triple the original volume, we find
−∆T˜ = ln(1 − 1/3) ≈ −0.41. Table I shows the corre-
sponding temperature drop for the six substances used
in Figure 5, displaying good agreement.
An indirect measure of Equation 4 is the observed
amount of volume rising towards the free surface relative
to the amount of gas being injected per unit of time, i.e.
V˙f/V˙0, in which f and 0 denote the final volume and in-
jected volume, respectively. V0 is obtained from the mass
flow rate as set by the flow controller using the density of
the gas at the bath temperature, whereas V˙f is obtained
by dividing the summed volumes of all individual bubbles
passing the camera by the total time of the measurement.
This way we avoid difficulties in the determination of the
initial bubble size, which differs from bubble to bubble.
We performed experimental validation of this relation by
measuring the ratio in volume flux, using the setup pre-
sented Figure 1. The results are shown in Figure 6 for
gaseous nitrogen injection into a liquid water bath and
gaseous helium injection into a liquid nitrogen bath. As
can be seen, the results compare well with the prediction
by Equation 4 for both systems.
In a further study, the setup described in Figure 7 is
used to study the time evolution of a liquid volume being
4FIG. 6. Measurements of the ratio between the injected gas
volume V˙0 and the (optically) observed bubble volume V˙ pass-
ing per unit time. Two systems are studied here: helium gas
injection in liquid nitrogen (left) and nitrogen gas into a water
bath. Both measurements show good agreement with Equa-
tion 3 (solid line) for all temperatures. The error bars smaller
than the corresponding data point are omitted
cooled down by forced evaporation. We prepared 4.8 mL
of liquid nitrogen and used helium gas injection to moni-
tor the decrease in temperature T and the liquid level h.
The results are presented in Figure 7, where at t = 225 s
helium gas is injected at a rate of 2× 10−1 mg s−1. An
immediate decrease in temperature can be observed, as
well as a decrease in nitrogen level as a result of the forced
evaporation. The decrease in temperature of the liquid
can be estimated by considering the power taken from the
liquid (and the container). The power can be expressed
as Lρb(dVb/dt), which equals Lρv(dV/dt). The bubble
expansion rate can be expressed as (dV0/dt)(V −V0)/V0,
where dV0/dt is the volumetric flow of the helium gas V˙0.
As a result, the rate at which the bath temperature de-
creases is estimated as dT/dt ≈ V˙0L( VV0 − 1)ρv/C, where
C is the total heat capacity of the liquid nitrogen and the
steel tube surrounding it. With V˙0 = 3.2× 10−7 m3 s−1,
L = 2× 105 J K−1, ρv = 4.6 kg m−3 and C = 7.8 J K−1,
we find ∆T/∆t ≈ 10−1 K s−1 which is the right order
of magnitude for the initial cool-down rate, as can be
seen from Figure 7. Using the established theory we can
use the temperature data to calculate the expected de-
crease in nitrogen level and compare this with the di-
rect measurements of the floater, see Figure 7. It can be
seen that the model predicts the evaporation quite well,
whereas for low temperatures an over prediction is found.
The system seems to stabilize at a temperature of about
73.5 K at which also the liquid level hardly decreases. We
attribute this to recondensation of nitrogen onto the tube
wall above the liquid bath. Since helium gas has a much
lower density than nitrogen, the vapour above the liquid
surface will have a higher nitrogen partial pressure than
the vapour in the bubble. Therefore, the nitrogen vapour
will recondense at the tube wall near the surface that is
at a relatively low ”sub-cooling” temperature. The con-
densed nitrogen will flow back into the liquid bath via
the wall into the liquid and the heat of condensation will
compensate the heat of evaporation taken from the liq-
FIG. 7. Bubble experiment of helium gas in a bath of 4.8 mL
liquid nitrogen. The left panel shows the temperature de-
crease as a result of the forced evaporation, while the right
panel shows the decrease in liquid height, measured by the
floater.
uid through the injection of the helium gas, negating the
vapour cooling method.
In terms of cooling power per injected gas volume we
find that the bubble-cooling method excels close to the
saturation temperature of the liquid, visible by the rapid
decrease in bath level when the bubbling just started.
This is in agreement with the visual measurements of
Figure 6, as can be seen by the asymptotic behaviour
of both the measurements and the theory. As a result
of our study, the efficiency of a cooler or the mass loss
in a bubble column is therefore the largest close to the
saturation temperature of the bath. We studied the cool-
ing behaviour of a liquid by gas injection. As a result of
the initial partial pressure being zero, the liquid evap-
orates into the gas bubble until equilibrium is reached.
The evaporation process takes energy from the bath, re-
sulting in a decrease of bath temperature, as observed in
our experiments. The optical measurements of the bub-
ble growth in two different liquid-bubble pairs showed
excellent agreement with our theoretical description of
the phenomena. Our proposed rescaling of the tempera-
ture using liquid specific parameters allows for easy com-
parison and understanding of this phenomenon. It al-
lows one to indicate the heat and mass losses in the con-
text of chemical reactors, while predicting the efficiency
for future applications using this technique as a cooling
method.
SUPP MAT
Additional experimental methods For the study of wa-
ter, the container was made of glass and placed in-
side a temperature controlled copper block. Using a
flow controller, the nitrogen flow was set to be m˙0 =
5.2× 10−2 mg s−1.
The bubble growth in liquid nitrogen was stud-
ied by helium gas injection at a flow rate of m˙0 =
2.0× 10−2 mg s−1. It is of great importance to limit the
heat losses for the setup to study liquid nitrogen. There-
fore, the container was placed in a sacrificial bath, which
5was filled with liquid nitrogen as well. The gas flow was
pre-cooled by leading the tubing through this bath. The
whole setup was put inside a cryostat, which only had ac-
cess at the top to prevent heat losses. As a consequence,
optical measurements were performed from the top us-
ing mirrors for both the camera and the light source.
An evaporator was put inside the setup to generate cold
nitrogen gas to prevent icing of the setup, which other-
wise would hinder optical access. Since the primary flow
lacked the cooling capacity to cool down the setup, a
large, secondary helium gas flow was used to cool down
the bath by the same mechanism of bubble cooling.
Image processing The images from the camera were
analysed using automated image processing. Firstly,
edge detection was used by means of a ’Canny’ filter-
ing technique [11]. The resulting binary image con-
tains various regions. When choosing the proper filter-
ing parameters, the largest of these regions are the bub-
bles for which the position and volume has to be cal-
culated. The volume was obtained by first slicing the
area into horizontal lines from which the center position
rc(z) and radius R(z) can be determined. Assuming axi-
symmetry, this allows us to express the bubble volume
V = 2pi
∫ h
0
(R(z)−rc(z))2dz, which was implemented nu-
merically using the trapezoid integration method.
Post processing Since the bubble has a size of roughly
the capillary length (σ/ρlg)
1/2 surface deformations are
expected. This effect is amplified by the increasing ve-
locity and size of the bubble during the rise towards the
free surface of the bath. Therefore, the bubble is no
longer axi-symmetric and the apparent volume fluctu-
ates between frames. Temporal averaging was therefore
performed for every bubble to obtain a more accurate
bubble volume.
Error analysis Multiple systematic errors can be
identified, which are found to be negligible: Calibra-
tion error of the camera, uncertainties in the tempera-
ture probe and gas flow controller. The largest error in
our measurements, however, emerges from the aforemen-
tioned bubble shape fluctuations. Therefore, we used the
variance in measured bubble size as a statistical error:
σ2 = Σjσ
2
j , where σ
2
j indicates the variance for every
bubble j . The second source of error lies within the ac-
curacy of the temperature measurements, which is 0.2 K.
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